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Abstract
Selective laser melting is a layer-wise manufacturing process that enables the use of complex geometric shapes in part
design and production. An infrared laser beam is focused on a thin layer of metallic powder and selectively deflected in
order to scan the cross-section of the parts being built. The process quality is dominated by the consolidation of powder 
particles through laser beam interaction, the part geometry itself and the arrangement of multiple parts. In this paper, the
manufacturability is investigated by characterizing single melt tracks and the buildup of thin wall structures consisting of a 
few aligned scan tracks.
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1. Motivation / State of the Art
Today, additive manufacturing technologies are used to build functional parts and models out of powder,
wire or liquid material. In selective laser melting (SLM), metallic powders with grain sizes in the range of a
few μm are molten through the heat input of a fast scanning laser beam. Many influencing variables are
affecting the process quality and the process reliability [1, 2]. Therefore, their effect has to be quantified in
order to interpret process errors and part failures. In this work the high temperature nickel base super alloy
Inconel 718 is used for determining the manufacturability limits and finding potential improvement measures.
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SLM is basically a two-stage process: (1) Melting the powder layer by hatching the current cross section with 
single laser scan lines and (2) depositing a new layer of powder. Both stages are subject to errors arising from 
the chosen exposure parameters (e.g. scan velocity, laser power, intensity distribution) in combination with
part geometry and part layout in multi-part building jobs [3]. The latter ones determine the evolution of the
temperature field in the vicinity of the melt pool. In conventional exposure strategies the cross sections are
hatched using stripe or chess patterns. Afterwards an additional contour scan is applied in order to optimize
surface properties [4]. Hatching and contour scanning imply the remelting of already solidified areas [5] and 
have an effect on the vertical elevation of part contours [6]. Due to the contact between the coating system and
the parts being manufactured, there exists a non-deniable effect on the coating quality and, in consequence, on
the party quality [7]. Another mechanism implying similar consequences is the reduced heat conduction when 
building overhanging structures.
Fig. 1. left: Optical setup; right: Laser intensity distribution at the building plane
2. Experimental Setup
The investigations on manufacturability described here were conducted by analyzing single melt tracks in
combination with thin walls, extending the work of other authors [8, 9]. The considered manufacturing system 
is a commercial system (EOS M270 Xtended) and the optical setup is depicted in Figure 1. An Ytterbium 
Fiber Laser is operated in continuous wave mode and emits laser radiation at 1079.9 nm. A single mode fiber 
is used to conduct the TEM00 mode to a collimation and expansion setup. After deflection through a galvo
scanning system, the beam is focused onto the building level which corresponds to the substrate level in
Figure 1. The beam quality M2 after fiber output is 1.02 and it is assumed not to be subject to substantial
deterioration through the used optics. Along with the flow dynamics of the inert gas atmosphere (Argon), the
beam waist and beam quality determine the geometrical shape and the microstructure of the melted tracks. The
raw material is Inconel 718 powder with main alloying elements nickel (55 weight percent), iron (19 weight 
percent) and chromium (17 weight percent) which is deposited in thin layers of 20 μm height through a metal 
coating blade. The tracks in this experiment are formed by scanning single vectors at different line energy
input (E: energy, P: power, v: scan velocity):
Parameters relevant for process reliability, i.e. scan track width and roughness, where measured using
optical microscopy, laser scanning microscopy and imaging software for profile analysis. To ensure near 
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process conditions, single melt tracks were formed on previously solidified layers of the base material Inconel 
718. This comprises also the uneven, rib-shaped structure, that is generated by aligning single tracks next to 
each other and is observable at selectively laser melted horizontal surfaces. Considering the manufacturability 
and the process reliability, thin walls were manufactured consisting of stacked single lines and stacked aligned 
lines (multiple lines). The effect of recoating was analyzed by aligning the wall shapes in different directions 
regarding the coating direction. Two sample build jobs comprising 25 wall geometries with a minimal 
thickness of 250 μm and 500 μm were used. These wall thicknesses imply multiple hatch lines and additional 
contour scans. In contrast to stacked single tracks, these walls can be built, at least to some extent, without 
being supported by surrounding structures (e. g. support structures), when using a small layer thickness and 
non-flexible coating blades. 
3. Results and Discussion 
When the total energy input is sufficient to heat the material above its solidus (approx. 1300 °C), single 
melt tracks form through rapid cooling as the energy source moves on. Figure 2 shows the scan track width at 
different line energy input values for the first line and a stack of 10 lines on top of each other. The 
measurement of the single track width was conducted through averaging over 40 z-profiles perpendicular to 
the scan direction and determining the full width at half maximum (FWHM) of the resulting peak. Information 
on track continuity can be gathered from the images (c.f. Figure 2) and profile measurements on top of the 
tracks. Since the bulk density of the powder material is approx. 50%, the nominal powder layer height that is 
melted on top of already solidified part sections approaches 40 μm in the steady state. This height is in the 
same order of magnitude as the laser spot size and the average size of the powder particles (approx. 30 μm 
mean particle size (d50-value)), resulting in a standard deviation of the order of 18 μm for the track width. 
Because of the highly turbulent melt pool dynamics, the solidified track is not flat, but shows peaks and 
valleys resulting from high cooling rates of up to 106 K/s [10] and the unevenness of the substrate layer. The 
latter is responsible for the significantly thinner first line compared to the stack of 10 lines, since the melt has 
to fill valleys first. As expected, the FWHM track width increases almost monotonously with higher energy 
input values. Since the amount of powder particles that are melted increases, the melt pool size becomes 
bigger and more uniform. This results in thicker melt track widths and improved track continuity at higher 
energy inputs. Considering several built layers, this indicates a stable melt pool forming and consequently a 
stable process. However, for efficiency reasons, the material is normally processed at high scanning velocities 
(lower energy input), influencing the coating quality of new layers and giving rise for the formation of build 
errors, e.g. pores and lacks of fusion. With an increasing layer count, i.e. building up of multiple scan tracks 
above each other, the vertical deviation from a flat surface tends to become smaller. As a measure for the 
deviation the arithmetic mean roughness was chosen. 
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Fig. 2. left: Mean track width after exposing 1st and 10th layer; right: Top view on tracks of different line energy input
Fig. 3. Arithmetic mean roughness of single lines; left: for different numbers of built layers at fixed energy input; right: for different line 
energy input at a fixed number of built layers (1 and 10).
For a specific line energy input of 100%, which represents the qualified value for this material, Figure 3 
shows the development of the line roughness with the number of stacked lines. The slight decrease gives rise
for a self-healing effect that homogenizes the geometrical shape of a single track. It can be explained by the 
amount of powder that is melted. After applying a new layer of powder, the line energy input is sufficient to
melt the increased amount of material in the valleys. In contrast, at hill sites the increased amount of remelted 
material distributes partly along the scanning direction and fills gaps. Not in general, but for specific energy
inputs, the mentioned effects lead to a slight homogenization with increasing build height, after starting from a
rough ground surface.
The roughness of the tracks can be regarded as a key factor for manufacturability, because it characterizes
the melt pool dynamics and sets a limit to the reproducible and error-free application of new powder layers.
The average roughness profile height RC for the investigated number of stacked single tracks is in the order of 
50 μm at an energy input of 100%. For elevated peaks in the profiles, there will be a contact between these
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ures and
an inhomogeneous powder deposition. Figure 3 shows the roughness for varying line energy input for one and
ten stacked tracks and their averaged total roughness height. For the highest investigated line energy input, the
track roughness significantly increases rendering a robust buildup of walls impossible, whereas at lower 
energy levels, the track roughness stays constant and features characteristic minimums. For high energy levels,
one can observe a clear difference in track roughness for one and ten stacked tracks. For a single track, the
roughness decreases with higher energy input as mentioned above, but increases significantly when stacking
multiple tracks on top of each other. This contrasts the previously mentioned track width behavior in the 
following way: For building thick parts consisting of a number of aligned single tracks high energy inputs are
favorable in terms of inter-line connection and surface roughness, whereas lower energy inputs are required 
for building up thin walls consisting of stacked single lines.
Fig. 4. left: Photograph of stacked scan lines; right: Laser scanning microscope image of tracks for line energy input of 100%
This can be explained by the different heat removal conditions. High tracks are surrounded by a higher
amount of loose powder, which has a very low heat conductivity, giving rise for the forming of melt spheres in 
order to minimize surface tension. The situation is shown in Figure 4. From these studies, it can be concluded
that there exists a line energy level that minimizes the surface roughness of single tracks, making the buildup
of thin walls (for example for support structures) more robust. In this case it is a line energy input of 120%
which corresponds to a reduced scan velocity.
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Fig. 5. left: Layout of the build job and definition of the angle between coater and structures; right: Powder bed after application of a new 
powder layer and side view on manufactured samples
For building heights in the millimeter range, the manufacturability of thin structures is limited by the
stiffness of the geometry, since there is an inevitable contact between the structure and the coating mechanism
at small layer thicknesses. As an extension to the preceding investigations, the manufacturability of thin walls
consisting of aligned tracks and an additional contour scan forming a wall thickness of 250 μm and 500 μm 
was analyzed. A stripe scan strategy was implied that changes the scan direction from layer to layer and
therefore homogenizes the microstructure. The height as well as the orientation towards the coating direction 
was varied in order to investigate the coating influence. With the chosen layout (c.f. Figure 5) it was ensured 
that the coating blade can only be in contact with one wall at a time and the other structures in the same build
job are not affected. The 250 μm walls could be built up to 1 mm in height, independently of their orientation.
With increasing height, the stiffness decreases and the walls are subjected to substantial interaction with the
coating blade during application of a new powder layer. On contact, the walls spring back mainly at low
angles relative to the coating direction, since the line of contact becomes longer. This leads to a densification 
of the surrounding powder bed and a lack of powder on top of the wall (c.f. Figure 5). A further buildup
becomes increasingly problematic. Regarding different total build heights, the side view on the samples shows
mechanical distortions for the thin (250 μm) samples with increasing height. For the 500 μm samples no
distortions could be identified for the investigated build height of 1 mm to 5 mm, even though the coating
blade was striking the samples during buildup. The increased stiffness of the 500 μm samples prevented an
inaccurate powder layer deposition on top of the walls. However, for the 250 μm samples the inaccurate
deposition partly leaded to a full remelting of already solidified layers since no loose powder could be applied
on top of the wall. This results in an increased layer thickness for the subsequent layer and consequently in a
variation of the melt pool dynamics. At low angles this effect becomes dominant and leads to stack failures of 
the subsequent scan tracks and to an increased roughness of the lateral surfaces (c. f. Figure 6).
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Fig. 6. Side view on built samples for wall thickness 250 μm (left) and 500 μm (right)
For high angles between the walls and the coating direction a robust buildup of the 250 μm walls could 
only be realized for a total height lower than approx. 4 mm. For higher walls, stack errors occur and therefore
a reproducible buildup cannot be ensured
4. Summary and Outlook
In this paper the manufacturability in selective laser melting applications was investigated by analyzing
single melt tracks for different build heights and varying line energy input as well as thin wall structures. It 
was shown, that single melt tracks have a varying width for different line energy and suffer from a significant
roughness. The latter was measured with a laser scanning microscope and gives rise for a contact between the
coating mechanism and the solidified areas upon application of a new powder layer. This sets limits to the
manufacturability of thin walls consisting of stacked single lines. Even when applying a common scan
strategy, which changes the scan direction from layer to layer, thin walls of 250 μm thickness could in general
not be built up robustly, regardless of their orientation relative to the coating direction. Further investigations
will include the characterization of overhanging structures and their effect on the manufacturability and
process stability by monitoring the emitted heat radiation during the process.
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